A B S T R A C T Acetazolamide, an inhibitor of the enzyme carbonic anhydrase, increased the urinary excretion of cyclic AMP in normal and parathyroidectomized rats. The increase was greater in rats with intact parathyroid glands than in parathyroidectomized rats. This rise in the urinary excretion of cyclic AMP was not due to an increase in urine flow or a change in urine pH. Furosemide caused an increase in urine flow, but did not affect the excretion of cyclic AMP or phosphate. Alkalinization of the urine with bicarbonate did not increase the urinary excretion of phosphate or cyclic AMP. Acetazolamide increased the production of cyclic AMP by rat renal cortical slices in vitro. This effect was dose-dependent. Acetazolamide also stimulated the activity of renal cortical adenyl cyclase in a dose-dependent manner but had no effect on the activity of cyclic nucleotide phosphodiesterase. The pattern of urinary excretion of cyclic AMP and phosphate after administration of acetazolamide was similar to that observed in rats given parathyroid hormone. It is suggested that acetazolamide stimulates the renal production of cyclic AMP by activating adenyl cyclase and that this may be the mechanism by which this inhibitor of carbonic anhydrase produces phosphaturia.
INTRODUCTION
The administration of acetazolamide, a potent inhibitor of the enzyme carbonic anhydrase, results in marked phosphaturia and bicarbonaturia, but only modest natriuresis (1, 2) . These effects are strikingly similar to those observed after administration of parathyroid hormone (3) (4) (5) . It is now widely accepted that cyclic AMP is the mediator of the hormonal effects of parathyroid hormone During these studies, Dr. Klahr was an Established Investigator of the American Heart Association.
Received for publication 25 June 1973 and in revised form 27 August 1973. in bone (6) and kidney (7) . Recently, carbonic anhydrase inhibitors have been found to antagonize the calcemic response observed after administration of parathyroid hormone to nephrectomized rats (8) and the resorption of bone induced by parathyroid hormone in tissue cultures (9) . These findings suggest an interaction of carbonic anhydrase inhibitors with the adenyl cyclase system of bone activated by parathyroid hormone.
These considerations prompted us to study the effects of acetazolamide on the urinary excretion of cyclic AMP and on the adenyl cyclase system of the renal cortex. Our results indicate that acetazolamide increases the urinary excretion of cyclic AMP in normal or parathyroidectomized rats. The temporal relationship observed between the urinary excretion of cyclic AMP and phosphate suggests that the phosphaturia associated with the administration of acetazolamide may be mediated by cyclic AMP. Studies in vitro indicated that acetazolamide directly stimulates the adenyl cyclase system of the renal cortex in the rat.
METHODS

In vivo experiments
Experiments were performed in female Sprague-Dawley rats weighing 180 to 240 g. The rats were allowed food and water ad lib until 12 h before study, when food was withheld. The following studies were performed:
Administration of acetazolamnide to normal rats. Polyethylene catheters were inserted, under light ether anesthesia, into the right femoral artery to obtain blood samples and into the left jugular vein for the infusion of solutions. A Silastic catheter was placed in the bladder. The rats were then placed in Plexiglas holders and allowed to recover completely from the effects of the anesthetic. A priming dose of inulin, 12.5 mg in 1 ml of normal saline, was administered, followed by a sustaining solution of inulin (12.5 mg/ml) in normal saline, infused at a rate of 50 Al/min. After an equilibration period of 60 min, three 30-40-min clearance periods were obtained. Acetazolamide, of acetazolainide/h, anid three additional clearance periods (each of 10 min duration) were obtained. Urine was collected under mineral oil into previously weighed tubes.
Administration of acetavolamnide to parathyroidectomized rats. Surgical parathyroidectomy was carried out under light ether anesthesia 24 h before study. The animals had free access to water, but no food after surgery. Serum calcium was less than 7.5 mg/100 ml at the time of study. The experimental protocol for clearance studies was identical to that used in normal rats.
Administration of furosemide to normal rats. The experimental protocol was identical to that used in normal rats receiving acetazolamide. After obtaining three control clearance periods, 1.5 mg of furosemide was administered, followed by a sustaining infusion delivering 1.5 mg of furosemide/h, and three additional clearance periods were obtained.
Administration of bicarbonate to normal rats. Three normal rats were prepared in the manner described above.
After obtaining two to three control clearance periods, a sodium bicarbonate solution containing 120 meq/liter of HCO3 was given at a rate of 50 juI/min. After the urine pH reached or exceeded 7.0, three additional clearance periods were obtained.
In vitro experiments
Production of cyclic AMP by renal cortical slices. Female Sprague-Dawley rats weighing 200-300 g were sacrificed and their kidneys quickly removed, decapsulated, and placed in ice-cold Krebs-Ringer phosphate. Cortical slices were obtained using a Stadie-Riggs microtome. Slices were preincubated for 1 h in Krebs-Ringer phosphate containing 10-' M theophylline, 10-' M glucose, and 0.25% bovine serum albumin, and gassed with a mixture of 95% O. and 5% CO2 in a Dubnoff metabolic shaker at 370C. The slices were then transferred to individual flasks containing 1 ml of the same Ringer's solution, to which acetazolamide, parathyroid hormone, or both were added. In another series of experiments, the effects of 10' M furosemide and 10' M ethacrynic acid on the concentration of cyclic AMP in rat renal cortical slices were studied. Incubations were carried out at 370C for 20 min, after which the slices were quickly frozen in Freon (E. I. duPont & Co., Inc., Wilmington, Del.), then boiled in 1 ml of 0.05 M Na-acetate-acetic acid buffer, pH 4, for 10 min, and finally centrifuged at 6,000 g for 20 min. This extraction procedure did not result in significant loss of cyclic AMP (10) . A sample for determination of protein was obtained before centrifugation. Cyclic AMP was measured in duplicate in both the clear supernate and the incubation medium by a modification (10) of the protein-binding assay of Gilman (11) Actizity of phosphodiesterase from renal cortex. Cyclic nucleotide phosphodiesterase was prepared from rat renal cortex as described by Cheung for rat brain (13) . The renal cortex was homogenized in 5 vol of distilled water and the homogenate was centrifuged for 30 min at 30,000 g. Analytical procedures. Inulin was determined by the microanthrone method (14) , and sodium and potassium, with a flame photometer (Model 43, Instrumentation Laboratory, Inc., Lexington, Mass.). Plasma and urine pH and Pco2 were measured on an Instrumentation Laboratory gas analyzer, model 123, and the plasma bicarbonate was calculated by the Henderson-Hasselbach equation, with a pK value of 6.1 and a solubility value of 0.03 for plasma. For urine, the solubility value used was 0.0309, and the pK values were calculated for each sample by the formula pK = 6.33 -0.5 X 'lB, where B represents the total cation concentration estimated in the urine as the sum of sodium and potassium concentrations. Plasma and urinary phosphate were measured by the method of Chen, Toribara, and Warner (15) . For the determination of urinary cyclic AMP, samples were diluted appropriately with 0.05 M Na-acetate-acetic acid buffer, pH 4, to bring the concentration of the nucleotide within the range of the standard curve, and the pH (which was found to be critical for binding) to the optimal values. Serum calcium was measured by atomic absorption spectrophotometry with an Instrumentation Laboratory Model 153. Protein concentration was measured by the method of Lowry, Rosebrough, Farr, and Randall (16) .
Cyclic AMP and acetazolamide were purchased from RESULTS Effects of administration of acetazolamide on urinary excretion of phosphate, bicarbonate, and cyclic AMP in normal rats. A representative experiment is depicted in Fig. 1 . After infusion of acetazolamide, there was a marked increase in the urinary excretion of cyclic AMP during the first experimental period. Thereafter, the excretion rate decreased progressively over the ensuing two periods. However, even at the end of 30 min, the excretion of cyclic AMP was substantially greater than in control periods. The excretion of phosphate followed a similar pattern, but the peak excretion of phosphate occurred some time after the peak increase in cyclic AMP. Table I summarizes clearance data in four normal rats before and after administration of acetazolamide. Each value represents the mean of three control and three experimental periods, with the exception of the value for cyclic AMP during the experimental periods, which represents the peak response. This invariably occurred during the first 10-min period after infusion of acetazolamide. Inulin clearance was not significantly different in control and experimental periods, whereas urine flow, sodium, bicarbonate, phosphate, and cyclic AMP excretion rates were significantly greater after the administration of acetazolamide.
Effects of administration of acetazokamide on urinary excretion of phosphate, bicarbonate, and cyclic AMP in parathyroidectomized rats. A representative experiment is shown in Fig. 2 . Excretion rates for cyclic AMP and phosphate in the control periods were less than those observed in normal rats. After administration of aceLazolamide, there was a brisk and marked increase in the urinary excretion of cyclic AMP during the first experimental period, similar to that observed in normal animals. However, unlike the pattern observed in the normal rats, the excretion rates of cyclic AMP returned to control values quite rapidly. The peak excretion of phosphate occurred in the second 10 min after the peak excretion in cyclic AMP. This temporal relationship in the excretion of cyclic AMP and phosphate is strikingly similar to that seen in parathyroidectomized rats infused with parathyroid hormone (7) . Table II summarizes clearance data in parathyroidectomized rats before and after the administration of acetazolamide. Each value represents the mean of three control or three experimental periods. The values for cyclic AMP in the experimental periods represent the peak response observed in the first period after infusion of acetazolamide. The differences for all parameters, except for clearance of inulin, were statistically significant between control and experimental values. The degree of phosphaturia and the increase in the urinary excretion of cyclic AMP were less in parathyroidectomized than Fig. 3 summarizes the urinary excretion of cyclic AMIP in four normal and four parathyroidectomized rats before and after administration of acetazolamide. Control values for excretion of cyclic AMP were consistently lower in the parathyroidectomized rats. After infusion of acetazolamide, the peak response in the excretion of cyclic AMP in both groups of rats occurred in the first 10 min, but whereas the excretion rate returned Effects of furosemide on the urinary excretion of cyclic AMP in normal rats. To explore the role of a marked diuresis on the observed increase in the urinary excretion of cyclic AMP, experiments were conducted in four normal rats, in which diuresis was induced by ad-FIGURE 4 Effects of furosemide (1.5 mg followed by an infusion delivering 1.5 mg/h) on the urinary excretion of cyclic AMP (c-AMP) (closed circles) and phosphate (open circles). See Fig. 1 for other details. ministration of furosemide. After administration of furosemide to a normal rat, the urinary excretion of cyclic AMP and phosphate did not change, despite a marked and sustained diuresis (Fig. 4) . Clearance data in rats before and after administration of furosemide are summarized in Table III To study the possibility that the observed increase in the urinary excretion of cyclic AMP after acetazolamide administration was the result of alkalinization of the intratubular fluid, three normal rats were infused with sodium bicarbonate as outlined under Methods. As the urinary pH increased from 6.26±0.07 to 7.23±0.11, the excretion rate of cyclic AMP fell from 106.3±8.9 pmol/ min to 52.4±+15.8 pmol/min, and phosphate excretion remained unchanged 19 Table IV . From these data, an additive effect of acetazolamide and PTH is apparent; however, when higher concentrations of parathyroid hormone were used an additive effect could not be demonstrated. Fig. 5 shows the effects of increasing concentrations of acetazolamide on the production of cyclic AMP. An increase in the production of cyclic AMP was detected at a concentration of acetazolamide of 10' M and the peak response occurred at a concentration of acetazolamide of 5 X 10-' M. Higher concentrations did not produce a further increase in cyclic AMP, but this could reflect the fact that acetazolamide is sparingly solu- thyroid hormone at a concentration of 10' M (approximately 1 U/ml) increased cyclic AMP production to 354.0±7.0 pmol/mg protein per h. The values for control and parathyroid hormone-stimulated adenyl cyclase are similar to those reported by others (12, 17) .
As shown in Fig. 7 , the stimulation of rat renal cortical adenyl cyclase activity by acetazQlamide was dosedependent. The maximum effect was observed at a concentration of acetazolamide of 10-4 M.
Effects of acetazolamide and theophylline on rat renal. cortical phosphodiesterase. Theophylline is a known inhibitor of the enzyme phosphodiesterase (18) . As shown in Fig. 8 
DISCUSSION
The results of this study clearly indicate that acetazolamide increases the urinary excretion of cyclic AMP in both normal and parathyroidectomized rats. This effect is not due to an increase in sodium and water excretion since furosemide failed to augment the urinary excretion of cyclic AMP, despite an increase in the urinary excretion of sodium and water comparable with that seen with acetazolamide. The increased excretion of cyclic AMP does not seem to be the consequence of an increase in urinary pH, since alkalinization of the urine by the infusion of sodium bicarbonate did not increase the excretion of the nucleotide. Although the present studies do not completely rule out the possibility of an increased clearance of cyclic AMP after aceta7ol-amide administration, this appears most unlikely in view of the results of our in vitro studies. Acetazolamide markedly increased the concentration of cyclic AMP in vitro in rat renal cortical slices. There was a direct stimulation of the renal cortical adenyl cyclase system by acetazolamide, but no inhibition of phosphodiesterase, the enzyme responsible for degradation of cyclic AMP. Thus, it seems reasonable to conclude that the observed increase in urinary excretion of cyclic AMP after acetazolamide administration reflects an increase in the renal production of the nucleotide.
The data in parathyroidectomized rats clearly indicate that acetazolamide directly stimulates the urinary excretion of phosphate and that this effect is not mediated via parathyroid hormone. This is in agreement with recent micropuncture studies (5) . The marked increase in the urinary excretion of cyclic AMP observed with acetazolamide closely resembles that seen in parathyroidectomized rats infused with parathyroid hormone (7), and suggests that the mechanism of the phosphaturia induced by acetazolamide is probably mediated through stimulation of the renal production of cyclic AMP. The fact that normal rats responded to the administration of acetazolamide with a larger increment in urinary phosphate excretion and with an enhanced response in cyclic AMP production suggests that acetazolamide may either potentiate the renal effects of endogenous parathyroid hormone or stimulate release of the hormone from the parathyroid glands, directly or indirectly. Although the first possibility seems to receive support from the results of our in vitro studies, we have not excluded the latter. In the in vitro studies, when low doses of parathyroid hormone were used in conjunction with maximum doses of acetazolamide an additive effect was observed. However, we were unable to demonstrate such additive effect with maximum doses of parathyroid hormone. This casts doubt about the possible existence of two separate receptor sites for the hormone and acetazolamide.
The mechanism of the phosphaturia after administration of acetazolamide has not been elucidated. It has been postulated that the phosphaturia is secondary to the increase in the urinary excretion of bicarbonate (1, 19, 20) , but data from both clearance (21) and micropuncture studies (22) do not support this theory. The clear stimulation of the renal cortical adenyl cyclase system by acetazolamide as well as the temporal relationship between the urinary excretion of cyclic AMP and phosphate in the rat strongly suggest that the phosphaturia induced by acetazolamide is mediated by an increase in the renal production of cyclic AMP. Acetazolamide may produce phosphaturia not only by directly inhibiting phosphate reabsorption due to increased levels of cyclic AMP but also by decreasing salt and water reabsorption in the proximal tubule (5, 23) . Phosphate reabsorption in the proximal tubule is coupled to fluid reabsorption (5, 24) and a decrease in fluid reabsorption due to either carbonic anhydrase inhibition or cyclic AMP production, or both (3), by acetazolamide may contribute to the phosphaturia.
Furosemide, in contrast to the data reported in man (25) , did not produce phosphaturia in the rat. Furosemide has carbonic anhydrase-inhibitory capacity, and its lack of effect on cyclic AMP production may indicate either that not all carbonic anhydrase inhibitors activate adenyl cyclase or that the dose of furosemide used in the in vitro studies was less than that required for carbonic anhydrase inhibition and adenyl cyclase activation. It has been reported that the concentrations of furosemide required to produce 50% inhibition of carbonic anhydrase in vitro are about 50 times greater than those of acetazolamide (25) .
In conclusion, stimulation of the renal adenyl cyclase system and increased production of cyclic AMP by both acetazolamide and parathyroid hormone seem to be the best explanation for the striking and puzzling similarities in the renal effects of these two chemically unrelated molecules.
